Abstract-We have developed a device that is able to rapidly and specifically diagnose bacterial pathogens in a wound model based on Mie scatter spectra from a tissue surface. The Mie scatter spectra collected is defined as the intensity of Mie scatter over the angle of detection from a tissue surface. A 650-nm LED perpendicular to the surface illuminates a tissue sample (90°) and photodiodes positioned in 10°increments from 10°to 80°o f backscatter act as the detectors to collect these Mie scatter spectra. Through principal component analysis of the Mie scatter spectra collected, we have shown significant differences between Mie scatter spectra of tissues with bacterial pathogens versus those without, as well as significant differences between each species of bacteria tested. The device developed has been tested with a porcine dermis wound model, with samples inoculated with one of three bacterial species (Staphylococcus aureus, Escherichia coli, or Salmonella Typhimurium). Such a device could be critical in the monitoring of a wound for infection and rapid, specific diagnosis of a bacterial wound infection, which would significantly reduce the time and cost associated with specific diagnosis of a bacterial wound infection currently.
Bacterial infection is a risk anytime the surface of the skin is broken (i.e., a wound occurs). Patients with compromised microvasculature, such as diabetic patients, experience poor immune response and delayed healing, leading to a higher rate of infection [2] . In particular, diabetic patients, elderly patients, burn victims, and patients who have recently undergone surgery have an increased risk of wound infection [2] [3] [4] [5] [6] [7] . It has been shown that location of a wound can lead to higher risk of infection, so close monitoring of wounds in particular locations on the body could improve prognosis and, ultimately, decrease the economic burden of infection by treating infection earlier [7] , [8] . Diagnosing bacterial wound infection early and specifically is critical to successful treatment and a positive prognosis. The faster an infection is diagnosed and treated, the better the prognosis has been shown to be [1] , [2] , and [9] . In the case of most skin and soft tissue infections (SSTIs), infections are largely single species [10] , [11] . Infection of a chronic wound is more likely to have multiple species of pathogens than infection of an acute wound, resulting in more difficulty in treating an infected chronic wound [12] , [13] . It is clear that early and specific diagnosis, which allows for early and specific treatment, is key in preventing complications that arise when a wound becomes chronic.
Specific diagnosis is critical in antibiotic selection as well, since antibiotics are chosen based on the pathogen present and wound severity [1] , [2] . The most common pathogens found in wounds are Staphylococcus aureus, Pseudomonas aeruginosa, Proteus mirabilis, and Escherichia coli [12] . These common pathogens span different Gram stains, which is critical in antibiotic selection, and many have particular antibiotics which are optimal for treating an infection with that specific species [1] .
Often, an infected wound is treated with broad-spectrum antibiotics during the days that a specific diagnosis currently takes, followed by narrow-spectrum antibiotic use when a specific diagnosis is made. The use of broad-spectrum antibiotics is known to contribute to the growing problem of antibiotic resistance in bacteria.
Along with the time and expense of current methods to specifically diagnose bacterial wound infection, these methods tend to be painful and increase injury to the wound. Some wounds require deep cultures or quantitative biopsies to be performed to diagnose infection [13] . While swab cultures are a possible diagnostic technique, the type of swab and the technique used to swab the wound have been shown to alter results [13] .
There have been other techniques and devices explored recently as alternative methods to diagnose pathogens in bacterial wound infection. Diagnosis based on immune response is common in research, but this provides no information on the species of pathogen [14] , [15] . Many genomic identification methods have been explored, often using polymerase chain reaction (PCR), specifically 16S rRNA identification [16] , [17] . Genomic identification methods take hours and require extensive sample preparation, liquid handling, skilled laboratory technicians, and expensive, specialized equipment. Antibody-based detection is often used to specifically detect bacteria, but these methods also require extensive sample preparation, liquid handling, skilled laboratory technicians, and expensive reagents [16] , [18] [19] [20] [21] .
The use of Mie scatter to detect bacteria has been demonstrated on two different platforms. The first is to measure Mie scatter intensity at a fixed detection angle to quantify the extent of antibody-mediated particle immunoagglutination [18] , [20] , [21] . While this method is simpler and faster than other antibody-based detection methods, it still requires reagents (antibodies and latex particles) and a reaction platform (microfluidic device). The second is to image the bacterial colonies through Mie scattering, such as BARDOT [22] [23] [24] [25] [26] [27] . BARDOT systems still require culture of the bacteria on optically transparent agar and thus are neither rapid nor in situ. BARDOT systems have been shown to provide different results due to changes in agar or nutrient concentration as well [28] . Recent advances in BARDOT systems have eliminated the need for an optically transparent culture surface through the use of reflection, but still require bacteria to be cultured [29] . Our group has previously demonstrated that Mie scatter can be used to detect the presence of bacteria on ground beef [30] . We have also previously demonstrated the use of Mie scatter to detect bacterial skin infection using an angular photodiode array [31] . A device to detect bacterial presence directly from a wound surface via Mie scatter spectra collected as backscatter has not yet been demonstrated though. Through this work we show the further advancement of our Mie scatter-based angular photodiode array [31] , to detect bacterial pathogens from a wound infection model surface, a more complex environment than a skin infection model surface.
There is a need for a rapid, reagentless, and inexpensive method to specifically diagnose bacterial wound infection and, ideally, monitor a wound for the first signs of infection. We have developed a device which does exactly thisspecifically diagnoses pathogens in a bacterial wound infection model in as little as three seconds without the use of expensive laboratory equipment or skilled technicians. The device designed could be capable of at home use to monitor a wound, prompting a patient to seek treatment at the first sign of pathogenic bacterial presence. The device designed through this work uses a 650 nm LED and a 3D printed angular photodiode array paired with an Arduino microcontroller to collect Mie scatter spectra (intensity over detection angle) from the surface of a tissue, which can be analyzed through principal component analysis (PCA) to rapidly and specifically diagnose pathogens in a bacterial wound infection model.
II. METHODS

A. Bacterial Species Selection
Three bacterial species were tested to span a range of sizes, shapes, and Gram stains (which alter refractive index). S. aureus was selected as a Gram positive, small, spherical common wound pathogen. E. coli was selected as a Gram negative, medium, rod-shaped common wound pathogen. Although it is not a common wound pathogen, Salmonella Typhimurium was selected to compare to E. coli. E. coli and S. Typhimurium are both Gram negative, rod-shaped bacteria, but S. Typhimurium is slightly larger, so it was selected to determine if similar bacterial species could be differentiated by the proposed device.
B. Mie Scatter Simulations
MiePlot v4.2.11 was used to simulate the expected Mie scatter trends of lipid particles, which can be found in the dermis, and bacteria. The following parameters were used to conduct simulations: lipid particle radius = 10 µm and refractive index = 1.46, E. coli particle radius = 2.5 µm (hydrodynamic dimensions of 5 µm × 1 µm), S. aureus particle radius = 0.5 µm, S. Typhimurium particle radius = 5 µm, for all bacteria refractive index = 1.40, for all simulations refractive index of the medium (water) = 1.33, wavelength = 650 nm, and size distribution was assumed to follow a normal distribution with 10% standard deviation.
Mie scatter simulations were first conducted for E. coli by varying the wavelength of the light source from 475 nm to 1400 nm to select the appropriate light source wavelength. Using this optimum wavelength of light source, Mie scatter simulations were conducted for three different bacteria (E. coli, S. aureus and S. Typhimurium) as well as lipid particles to demonstrate the differences in their Mie spectra.
C. Angular Stage Design
An angular photodiode array and tissue stage were created using SolidWorks 2014 x64 Edition and 3D printed in ABS (acrylonitrile-butadiene-styrene) polymer. The photodiode array is a semi-circle (radius = 25 mm) with an LED insertion point perpendicular to the tissue sample and 8 photodiode insertion points at 10°increments from 10°t o 80°of backscatter from the tissue. The tissue stage fits a standard microscope slide to center the tissue below the angular photodiode array. The angular photodiode array height relative to the tissue stage is adjustable, so that the surface of each tissue sample is analyzed despite variations in tissue thickness.
D. Circuit Design
The 650 nm LED is powered by the 5V output of an Arduino Mega 2560 microcontroller. The outputs from eight PIN photodiodes in photovoltaic mode are collected individually by the same Arduino Mega 2560. The output of each photodiode is amplified through two gain stages using LM324 quad op-amps to amplify current outputs and the gain is optimized for each angle of detection (Table 1) . 
E. Study Design
Porcine dermis samples were split into four groups based on inoculation; Escherichia coli, Staphylococcus aureus, Salmonella Typhimurium, or a control of sterile LB-Miller. Mie scatter spectra were collected from each tissue sample at three locations, to ensure that scatter collected was representative of the entire surface. Samples were randomly assigned an inoculum and researchers were not blinded. 
G. Tissue Sample Preparation
Porcine skin (University of Arizona Food Products and Safety Laboratory, Tucson, AZ, USA) was acquired immediately following slaughter. Hair was shaved from the skin and the epidermis was removed via mechanical dissection, exposing the dermis. Samples were cut into rectangles of approximately 1.5 cm by 5 cm and inoculated with 150 µL of either bacteria or LB-Miller, which was spread across the surface evenly. Samples were sealed with Parafilm M (Bemis Flexible Packaging, Oshkosh, WI, USA) and incubated for 8 hours at 37°C.
H. Mie Scatter Detection
Directly following incubation, samples were transferred to a standard microscope slide and scanned using the angular photodiode array described above. Each tissue sample was analyzed at three locations. Photodiode readings were averaged over 3 s at each location (readings were collected every 250 ms, 12 readings averaged). Standard error was calculated for the average of the three locations analyzed on each tissue sample.
I. Data Analysis and Statistics
Data was analyzed via principal component analysis (PCA) (The Unscrambler v9.7). Error bars represent the standard error of the mean over three analysis locations on each A 650 nm LED was determined to be optimal for this device due to this peak, which is relatively high intensity and outside of the 10°−200°range where large intensity variations are observed due to tissue topography. tissue sample. Each study group consisted of 3 individual tissue samples with three locations analyzed on each sample. Two-way Student's t-test assuming equal variance was used to determine statistical significance (p ≤ 0.05).
III. RESULTS
A. Device Design
The individual components (Fig. 1a) and the device as assembled (Fig. 1b) are shown, both through computer-aided design models (Solidworks 2014 x64 Edition). The height of the angular photodiode array is adjustable in order align the focal point of the device with the surface of the tissue, despite variation in tissue thickness from sample to sample.
B. Light Source Selection
Mie scatter simulations were conducted for E. coli by varying the wavelength from 475 nm to 1400 nm, to determine the optimal light source for bacterial detection from a wound surface (Fig. 1c) . NIR and IR wavelengths (750 nm, 1000 nm, and 1400 nm) were not considered due to the lower Mie scatter intensities compared to those from visible wavelengths. UV wavelengths were not considered due to their bactericidal capability and the dangers they present to human skin. Due to skin topography and hair follicle presence, large variability was observed in detection at 10°and 20°, so wavelengths with major peaks at these angles were eliminated as possibilities (475 nm and 520 nm).
Considering these factors, a wavelength of 650 nm was chosen as the optimal light source, which has an expected peak of 30°. Based on this single, optimal wavelength (650 nm), simulations for expected Mie scatter trends for bacteria and lipid particles present in the dermis of skin are shown in Fig. 1d , demonstrating the varied shapes of Mie scatter spectra for three bacterial species and lipid particles. These simplified simulations (assuming spherical particles) were used only for optimizing the light source and assessing initial feasibility, but not for comparing with the actual Mie scatter spectra collected from tissue samples.
C. Device Circuitry
The gain was optimized for each photodiode based on maximizing the dynamic range for each individual angle of detection ( Table 1 ). The gain was determined based on the maximum intensity of scatter detected at each angle of detection from alternative porcine skin samples inoculated with E. coli, S. aureus, S. Typhimurium, or sterile LB to maximize the dynamic range of the device. The device circuitry based on the optimized gain is shown in Fig. 2 .
D. Dermis Dissection
The dermis was exposed by shaving the hair and mechanically dissecting away the epidermis of porcine skin samples (Fig. 3) . Successful mechanical dissection to expose the dermis was confirmed via light microscopy by confirming Fig. 3 . Graphical explanation of the processing of porcine skin samples. Porcine skin was collected immediately following slaughter. Hair was shaved from the surface of the skin. The skin was stretched on a surface and a scalpel was used to mechanically dissect away the epidermis, exposing the dermis. Samples were then cut into approximately 1.5 cm x 5 cm tissue samples. Tissue samples were rinsed to remove excess hair, loose epidermis, and dirt that was initially on the surface of the skin then inoculated with either a bacterial inoculation or sterile LB. Once processed and inoculated, tissue samples were considered wound models.
that no remnants of the epidermis remained on the surface of the tissue sample and no noticeable cuts in the dermis surface existed. In the previous work [31] , because the epidermis of the pig skin remained intact, commensal bacteria were abundantly present on the surface of the tissue samples. In this work, since the epidermis is mechanically dissected off and bacteria do no naturally reside on the surface of the dermis, the only bacteria present on the surface of the control samples are those which are transferred to the dermis from the epidermis during the mechanical dissection process.
E. Mie Scatter Detection From Wound Model
Bacteria were grown on porcine dermis to simulate the infection of a wound, where the dermis would be exposed. No obvious visual differences could be seen between samples with different inoculations.
Wound models with different bacterial inoculations resulted in unique Mie scatter spectra detected. Fig. 4 shows the Mie scatter spectra collected after normalizing all spectra collected to control (no inoculation) tissue samples. Significant differences are shown in Fig. 4 with p ≤ 0.05 considered significant. The spectra obtained appear to be a combination of the expected Mie scatter spectra of both lipids and each bacterial inoculation (Fig. 1d) . The dermis is known to contain lipid molecules and we have previously shown that bacteria aggregate around lipid molecules [30] , so these complexities in the Mie scatter spectra were expected.
PCA was performed on the resulting Mie scatter spectra to summarize differences observed between bacterial species (Fig. 5 ). Significant differences are present between all groups based on principal component 1 (PC1) and between E. coli and S. aureus for PC2 (p ≤ 0.05). PC1 accounts for 69% of the data collected and PC2 accounts for 28%; in total 97% of the data collected is accounted for in just two principal components. Due to the significant differences observed between each species of bacteria and between bacterial inoculation and control samples, this device has been shown to detect both the presence of a bacterial pathogen and the species of the bacterial pathogen. Fig. 4 . Mie scatter spectra collected from the surface of porcine dermis samples. All spectra are normalized to that of control samples by dividing I (scatter intensity of bacteria-inoculated samples) by I C (mean scatter intensity of control samples). Through normalization, our device is able to detect the presence of pathogenic bacteria despite background signal from the tissue surface. * = significant differences compared to control samples, † = significant difference compared to E. coli inoculated samples, based on p ≤ 0.05 being considered significant. Fig. 5 . Principal component analysis of the Mie scatter spectra collected from porcine dermis samples scanned with the device described. Principal component 1 (PC1) accounts for 69% of the data collected and PC2 accounts for a further 28%, totaling 97% of the data collected accounted for in just two principal components. Significant differences exist between all experimental groups in PC1 and significant differences exist between E. coli and S. aureus in PC2 (p ≤ 0.05). With these significant differences, our device has been shown to detect both the presence of pathogenic bacteria on a tissue surface and the specific species of pathogenic bacteria present on the tissue surface. Each data point represents the average of 12 data points (3 s scan) averaged over three locations on each of three tissue samples.
The differences detected between each bacterial inoculation were detected in the presence of natural, commensal bacteria present on the surface of the skin by normalizing the Mie scatter spectra collected from "infected" tissue (pathogenic bacterial inoculation) to that of "non-infected" tissue (control samples) to reduce the impact of the Mie scatter spectra of the natural wound model.
IV. DISCUSSION
Through this work, we designed a device that is able to collect Mie scatter spectra from a tissue surface to determine the presence of a bacterial pathogen as well as its species.
Porcine dermis was used as a wound model. Porcine skin is considered a comparable model for human skin due to significant similarities. The dermis was exposed to simulate a wound, where the epidermis is broken and removed. Bacteria were inoculated onto the surface of porcine dermis samples to mimic infection within a wound. Tissue samples inoculated with a pathogenic bacterial species were compared to control samples, which had an inoculation of sterile LB-Miller (the broth that bacteria were grown in for these experiments). Control samples did not have any bacteria inoculated onto them, therefore the only bacteria present on these samples are those which were transferred to the surface of the dermis during the mechanical dissection of the epidermis. In a reallife situation where a wound is created, it is obvious that some bacteria from the surface of the skin or the surface of the object that caused the wound would be transferred to the newly exposed dermis in the wound. Using a control sample that does not have any bacteria inoculated, but does not have all colonization removed from the dermis surface allowed for the determination that our device is able to detect the presence of a bacterial pathogen despite the presence of non-pathogenic bacteria that have colonized the surface of the wound. Such ability is critical as wound colonization is inevitable, but colonization differs from infection based on the pathogenicity and amount of bacteria present.
Our device was not only capable of determining the presence of infection, but the species of bacteria responsible for the infection. As bacterial species differ in the size, shape, and Gram stain (leading to different refractive indices), differences in Mie scatter spectra would be detected. We have shown that these differences are detectable using backscatter from the surface of a wound with instant scanning.
Our device has the potential to eliminate the need for the wound swabbing, bacterial culture, and bacterial identification that goes into specific diagnosis of an infection currently. The ability to specifically diagnose bacterial wound pathogens in the simple three second scan used here, would allow for significantly decreased time to specific treatment of bacterial wound infection. The use of a simple scanner such as this could also allow for mobile monitoring of wounds, prompting individuals to seek treatment and physicians to administer specific treatment at the first signs of pathogen presence.
V. CONCLUSION
We have shown significant advancement of a novel device that is able to detect Mie scatter spectra from a wound infection model using an LED, eight photodiodes, and a 3D printed angular array. We have shown that this device is able to detect the presence or lack of a bacterial pathogen on porcine dermis, a wound model, as well as specifically diagnose the species of pathogen. Clinically, diagnosis with such a device would greatly simplify and expedite the diagnosis of bacterial wound infection and decrease time to specific treatment.
